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INVESTIGATION  OF  THIN  FILMS  AS  FLOATING  LINERS  FOR 
FIBER -GLASS  CRYOGENIC  PROPELLANT  TANKS 
by  Robert  W.  Frischmuth,  Jr. 

Lewis  Research  Center 

SUMMARY 


{yhe  use  of  filament-wound  fiber-glass  liquid-hydrogen  propellant  tank  structures 
should  result  in  a  considerable  weight  savings  providing  that  a  suitable  internal  liner  can 
be  developed.  This  report  investigates  the  use  of  free-floating  liners  (not  bonded  to  the 
inner  surface  of  the  filament-wound  shell).  A  theoretical  analysis  and  experimental  study 
on  laminated  Mylar,  Teflon,  and  aluminum -Mylar  liners  showed  that  upon  tank  pressuri¬ 
zation  at  liquid- hydrogen  temperatures,  plastic  liners  fabricated  to  the  internal  dimen¬ 
sions  of  the  filament -wound  structure  would  fail  in  tension  before  the  burst  pressure  of 
the  filament-woimd  shell  was  approachedTf  The  study  showed  that  the  available  liner 
strain  could  be  increased  by  making  the  liner  oversized  and  allowing  it  to  randomly 
wrinkle  within  the  shell. 


INTRODUCTION 

It  is  known  that  the  use  of  hydrogen  as  the  propellant  in  either  a  chemical  or  nuclear 
rocket  results  in  a  significantly  higher  specific  impulse  than  any  other  propellant.  Un¬ 
fortunately,  when  in  a  liquid  state,  hydrogen  has  some  undesirable  properties  which  make 
storage  in  space  difficult  and  thereby  seriously  limits  its  use  as  a  propellant.  Since  the 
liquid  has  a  very  low  density  (4.  4  Ib/ft^),  larger  and  hence  heavier  propellant  tanks  are 
required.  This  increases  the  need  for  a  lightweight  tank  structure. 

The  use  of  fiber-glass  reinforced  plastics  as  a  tank  structural  material  has  a  dis¬ 
tinct  weight  advantage  over  conventional  tank  materials.  In  fact,  filament-wound  motor 
cases  for  solid-fuel  rockets  have  been  used  successfully  with  considerable  savings  in 
weight. 


Although  fiber-glass  tanks  are  lightweight,  they  have  a  serious  limitation.  Because 
of  their  nonhomogeneous  nature,  filament-wound  tanks  leak.  Therefore  an  internal  sealer 
or  liner  is  required.  For  conventional  room-temperature  applications  an  elastomeric 
material  such  as  natural  rubber,  silicone  rubber,  or  neoprene  is  used  since  these  mate¬ 
rials  are  capable  of  high  elastic  strain;  the  ultimate  strain  of  glass  fiber  is  about  5  per¬ 
cent,  reference  1.  At  liquid-hydrogen  temperatures  (normal  boiling  point,  -423®  F)  the 
ultimate  strain  of  glass  fiber  remains  high  (about  5  percent),  but  the  ultimate  strain  of 
conventional  liners  and  sealers  is  greatly  reduced.  Also,  in  general  the  thermal  contrac¬ 
tion  of  most  materials  (especially  elastomers)  is  much  greater  than  that  of  fiber  glass. 
The  development,  then,  of  a  suitable  sealer  or  liner  is  one  of  the  major  problems  asso¬ 
ciated  with  the  use  of  fiber  glass  as  a  material  for  liquid-hydrogen  tanks. 

As  part  of  a  general  program  on  liquid- hydrogen  tankage  problems  the  Lewis 
Research  Center  is  conducting  a  preliminary  investigation  to  evaluate  various  methods  of 
lining  a  fiber-glass  tank.  These  investigations  are  described  in  references  2  to  6.  Basi¬ 
cally  there  are  two  general  liner  -  fiber-glass  shell  configurations  (both  of  which  are  be¬ 
ing  studied).  One  is  called  a  bonded  liner.  With  this  configuration  the  liner  is  an  integral 
part  of  the  tank  wall.  The  other  is  called  an  xmbonded  or  floating  liner.  Here  the  liner  is 
separate  from  the  fiber-glass  shell.  The  bonded  liner  is  easy  to  fabricate  since  the  liner 
can  be  assembled  on  the  mandrel  and  the  fiber- glass  shell  wound  directly  over  the  liner. 
However,  it  has  the  disadvantage  of  possible  shell  buckling  due  to  thermal  stresses  in¬ 
duced  by  unequal  thermal  contraction  rates  of  the  liner  and  fiber-glass  shell  (ref.  3).  Al¬ 
so  high  local  liner  strains  are  possible  due  to  nonuniform  distribution  of  filaments  in  the 
shell  wall.  On  the  other  hand,  with  the  floating  liner  there  is  no  buckling  or  local  strain 
problems.  However,  floating  liners  do  tend  to  fold  or  wrinkle.  A  floating  liner,  then, 
must  be  flexible  at  liquid-hydrogen  temperature,  and  have  the  capability  of  wrinkling  and 
unwrinkling  without  developing  pin-hole  leaks. 

The  object  of  the  research  reported  herein  was  to  evaluate  the  concept  of  the  floating 
liner  and  develop  a  method  of  liner  fabrication.  Liners  were  made  of  laminated  Teflon, 
Mylar,  aluminum-Teflon,  and  aluminum-Mylar,  fabricated  by  Viron  Division  of  Geo¬ 
physics  Corporation  of  America  and  the  Dielectrix  Corporation.  The  liners  were  tested 
in  24-inch  long  by  18-inch  diameter  filament-wound  fiber-glass  shells  obtained  from 
B.  F.  Goodrich  Corporation  and  Lamtex  Corporation.  Experimental  and  theoretical  re¬ 
sults  along  with  the  method  of  design  and  fabrication  are  presented  in  this  report. 


SYMBOLS 


E 


modulus  of  elasticity. 


Ib/in.  ^ 


2 


0 

L  leak  rate,  std  cm  /sec 

fi  length  of  tank,  in. 

2 

P  pressure,  Ib/in. 

S  thermal  contraction  from  room  temperature  to  a  lower  temperature,  in, /in, 
t  thickness 

X  an  initial  liner  or  shell  dimension,  in. 
a  filament  winding  angle,  degrees  (see  fig.  16) 


/3 


fraction  oversize, 


e  strain,  in. /in. 

e(P)  shell  strain  as  function  of  pressure,  in. /in. 
e  effective  thermal  strain  of  liner,  -  Sg,  in. /in, 

V  Poisson’s  ratio  of  liner  material 
a  stress,  Ib/in.  ^ 

Subscripts: 

g  glass  fiber  only 

L  liner 

max  maximum 

S  fiber -glass  shell 

ult  ultimate  uniaxial  for  the  liner 

z  axial  direction  (see  fig.  16) 

Q  circumferential  direction  (see  fig.  16) 


LINER  DESIGN  CONSIDERATIONS 


A  criterion  for  liner  integrity  (derived  in  the  appendix)  is: 


e(P)  <  (1  -  .)e^u  -  -  Sg)  (1) 

This  expression  assumes  Hooke's  law  to  hold  to  the  ultimate,  a  liner  of  negligible  thick- 
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TABLE  I.  -  ULTIMATE  STRAIN  AT  -423^  F  AND  THERMAL 
CONTRACTION  FOR  SOME  MATERIALS 


Materials 

Ultimate 

tensile 

strain, 
^ult, 
in.  /in. 

Overall 

thermal 

contraction 
75°  to  -423°  F, 

®L’ 

in.  /in. 

Reference 

Maximum 

allowable 

tank  strain, 
€(P), 

in.  /in. 
(calculated) 

(b) 

Fiberglass 

^2.7X10’^ 

1.  8X10”^ 

3 

resin 

composite 

Mylar  ’*A”  film 

.82 

3.86 

6 

0.41X10'^ 

"H”  Film 

1,69 

5.26 

6 

.94 

Polyurethane 

2.  20 

16.31 

6 

.20 

Teflon  FEP 

2.0 

22.  0 

13 

-.02 

2024  Aluminum 

20.0 

4.  2 

6,12 

c 

304  Stainless  steel 

30.0 

3.0 

12,  14 

c 

^This  number  should  probably  be  higher  since  all  the  test  specimens 
failed  in  the  jaws  of  the  apparatus. 

^See  eq.  (1).  In  this  calculation  v  was  assumed  to  be  0.  25  (ref.  9), 
a  theoretical  value  for  an  ideal  isotropic  material. 

^Maximum  €(P)  not  calculated  since  these  materials  strain  mainly 
by  yielding, 

ness  in  comparison  to  the  fiber-glass  shell,  the  dimensions  of  the  liner  (before  cooling) 
to  be  the  same  as  the  inside  dimensions  of  the  fiber-glass  shell,  and  that  the  fiber-glass 
shell  is  of  balanced  design;  that  is,  all  the  filaments  carry  the  same  load  upon  pressuriza- 
tion  (the  more  general  case  of  an  unbalanced  shell  design  is  covered  in  the  appendix). 

The  severity  of  the  liner  problem  is  emphasized  by  the  data  shown  in  table  L 
Shown  are  some  typical  material  properties  for  fiber- glass -resin  composites  and  pro¬ 
posed  liner  materials.  The  column  on  the  right  is  the  quantity  [(1  -  •“  {S-^  -  Sg)^, 

which  corresponds  to  the  value  of  tank  strain  e(P)  at  which  the  liner  will  fail.  The  best 
of  the  shown  plastics  can  only  allow  the  fiber-glass  shell  to  develop  about  one-third  of  its 
ultimate  tensile  strain.  For  a  Teflon  liner  the  maximum  tank  strain  is  negative.  This 
indicates  that  just  a  small  amount  of  pressure  (that  which  is  necessary  to  expand  the  liner 
out  to  the  dimensions  of  the  inside  of  the  fiber-glass  shell)  will  rupture  the  liner.  Thus, 
Teflon  is  unsatisfactory. 

Some  metals  have  high  ultimate  strains  at  -423^  F  (see  table  I).  It  would  seem 
conceivable  that  a  liner  could  be  made  out  of  a  thin  metal  foil  or  a  laminate  of  foils.  The 
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problem  is,  however,  that  the  high  metal  strain  is  mostly  inelastic.  That  is,  the  metal 
permanently  stretches  or  yields.  Upon  tank  pressurization,  then,  the  proposed  metal 
liner  yields.  When  the  pressure  is  released,  the  liner,  which  is  now  oversized,  tends  to 
fold  and  wrinkle.  Metal  foils  in  general  have  a  poor  resistance  to  wrinkling  and  will  de¬ 
velop  pin  hole  leaks. 

It  was  believed,  on  the  other  hand,  that  some  plastics  in  the  form  of  thin  films 
would  have  the  ability  to  wrinkle  somewhat  without  developing  leaks.  A  liner  of  such  a 
plastic  could  be  fabricated  to  dimensions  larger  than  the  internal  dimensions  of  the  fiber¬ 
glass  shell.  This  would  effectively  increase  the  extensibility  of  the  liner  and  allow  a 
closer  approach  to  the  ultimate  tensile  strain  of  the  fiber-glass  shell.  Therefore  the 
approach  to  the  problem  used  in  this  report  was  to  make  the  initial  liner  dimensions 
slightly  oversized.  The  criterion  for  liner  integrity,  inequality  (1),  can  then  be  modi¬ 
fied  (eq.  (A  14),  appendix)  as  follows: 

e(P)  <  (1  -  -  (Sl  -  Sg)  +  ^  (2) 

where  IS  is  the  fraction  the  initial  liner  dimensions  are  oversized.  A  /3  >  0  implies 
that  a  free-floating  liner  must  be  wrinkled  before  cooling  or  tank  pressurization. 


DESCRIPTION  OF  TANK 

The  tankage  system  used  in  this  investigation  consisted  of  a  filament-wound  fiber¬ 
glass  structural  outer  shell  and  a  separate  liner  that  could  be  inserted  or  removed 
through  the  end  fitting  of  the  shell  (see  fig.  1).  At  the  time  when  the  liners  were  de¬ 
signed  and  fabricated,  the  severity  of  the  liner  problem  as  defined  in  the  preceding  sec¬ 
tion  was  not  fully  recognized  because  property  data  of  the  type  shown  in  table  I  was  not 
available  for  all  candidate  liners  and  fiber- glass-resin  materials.  As  a  result  two  of  the 
five  test  liners  were  made  of  Teflon.  The  other  liners  were  made  from  Mylar  and  Mylar - 
aluminum  laminates.  Also,  the  concept  of  an  oversized  liner  had  not  evolved  either,  so 
liners  were  fabricated  to  the  exact  internal  dimensions  of  the  filament-wound  shells 
{/3  =  0).  In  the  latter  portion  of  the  liner  test  program  the  oversized  liner  concept  was 
evaluated  by  first  lining  the  inside  of  the  filament-wound  shell  with  a  l/l6-inch  (uncom¬ 
pressed) -thick  felt  pad  before  inserting  the  liner.  This  reduced  the  initial  shell  dimen¬ 
sion  thus  giving  a  >  0.  This  felt  pad  also  helped  to  prevent  the  liner  from  being  punc¬ 
tured  by  the  possibly  rough  inner  surface  of  the  shell. 
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^Circumferential  fibers 
\ 


Figure  L  *  Design  of  filament-wound  tank. 


Fiber-glass  Shell 

Three  18-mch-diameter  by  24-inch-long  cylindrical  shells  with  dome-shaped  ends 
were  procured  for  this  investigation.  Although  the  tanks  were  to  be  used  for  cryogenic 
fluids,  the  fiber-glass  composite  shells  were  not  specifically  designed  for  low  tempera¬ 
tures.  All  three  shells  were  made  with  E-HTS  Fiberglas  (ref.  1)  and  a  modified  epoxy 
resin.  The  dimensions  of  the  shells  were  similar;  however,  two  slightly  different  winding 
patterns  were  used.  For  the  sake  of  simplicity,  only  the  shell  design  used  in  conjunction 
with  the  Mylar  liners  will  be  discussed  in  detail. 

A  conventional  winding  pattern  consisting  of  a  longitudinal  and  circumferential  wrap 
was  used  (fig.  1).  The  longitudinal  wrap  was  of  a  standard  balanced-in-plane  design, 
reference  7,  with  a  winding  angle  (angle  between  a  fiber-glass  strand  and  the  longitudinal 
axis  of  the  tank)  of  11.  5°.  The  contour  of  the  ends  of  the  shell  was  of  the  isotensoid 
(refs.  1  and  7)  type  consistent  with  the  balanced-in-plane  wrap. 
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Figure  2,  -  Photomicrograph  of  filament-wound  shell  cross  section. 


Figure  2  is  a  photomicrograph  of  a  typical  cross  section  in  the  cylindrical  portion  of 
the  shell.  The  cross  section  was  taken  perpendicular  to  the  half  of  the  longitudinal  wrap 
that  runs  at  a  winding  angle  of  +11.  5°  (the  other  half  of  the  longitudinal  wrap  runs  at 
-11.  5°).  The  white  dots  in  the  top  of  figure  2  are  the  longitudinal  filaments.  Although 
half  of  the  longitudinal  wrap  was  cut  at  an  angle  of  67®,  the  cross  sections  of  these  fila¬ 
ments  do  not  appear  to  be  ellipses  since  their  eccentricity  is  small.  The  ellipses  in  the 
lower  part  of  figure  2  are  circumferential  filaments  (cut  at  an  angle  of  11.  5®).  The  black 
areas  are  voids.  From  photomicrographs  such  as  figure  2  the  folloAving  can  be  calcu¬ 
lated: 

(1)  Strand  density  of  longitudinal  wrap,  392  strands/ in. 

(2)  Strand  density  of  circumferential  wrap,  799  strands/in. 

(3)  Glass  content  by  volume,  52.  7  percent 

(4)  Thickness  of  shell,  0.  047  in. 

One  strand  is  a  bundle  of  204  individual  filaments  and  has  a  cross-sectional  area  of  glass 
of  2.08x10  square  inch. 

Knowing  the  strand  densities,  the  strength  of  the  fiber-glass  shell  can  be  calculated. 


Using  the  method  outlined  in  reference  3,  the 
relation  between  shell  strain  and  pressure  6(P) 
can  be  calculated  and  is  shown  in  figure  3.  Now, 
the  ultimate  strain  of  "E”  glass  is  about  5  percent 
(ref.  1).  However,  when  fiber  glass  is  used  in  a 
filament-wound  vessel,  the  ultimate  strain  of  the 
glass  is  reduced  due  to  imperfect  packing  of  the 
longitudinal  fibers  as  they  cross  over  each  other 
in  the  vessel  domes,  and  imperfections  such  as 
variation  in  resin  content,  broken  fibers  due  to 
handling,  nonuniform  winding  tension,  and  nonuni¬ 
form  strand  distribution.  A  realistic  ultimate  shell 
strain  is  about  3  percent  (ref.  1)  which  corre¬ 
sponds  on  figure  3  to  a  burst  pressure  of  about  550  pounds  per  square  inch.  The  reason 
the  shell  was  built  this  strongly  is  that  there  is  a  practical  limit  on  how  thin  a  fiber-glass 
shell  can  be  made.  Consider  the  area  of  the  dome  at  the  transition  to  the  cylindrical  por¬ 
tion  of  the  tank.  Here  the  surface  is  not  covered  by  circumferential  strands  and  conse¬ 
quently  the  wall  is  thinner  here  than  anywhere  on  the  shell.  The  dome  wall  gets  thicker 
as  the  axis  of  the  vessel  is  approached  due  to  overlapping  of  the  longitudinal  strands. 

The  minimum  strand  density  that  can  be  used  in  this  thin  area  to  adequately  support  the 
liner  is  determined  by  one  layer  of  adjacent  strands.  Assuming  hexagonal  close  packing 
of  the  individual  filaments  within  the  glass  strands,  the  minimum  strand  density  of  the 
type  of  strand  used  in  this  tank  is  about  370  strands  per  inch  for  the  longitudinal  wrap. 


Figure  3.  -  Calculated  shell  strain  as  function  of 
pressure  at  room  temperature. 


Liners 

Table  II  describes  the  materials  used  in  the  liners  fabricated  for  this  investigation. 
Most  of  the  materials  are  of  laminated  construction  because  thin  plastic  films  often  have 
occasional  small  holes.  Laminating  several  sheets  together  reduces  the  possibility  of  a 
straight-through  hole.  Also,  the  laminated  material  is  more  flexible  at  room  tempera¬ 
ture  and  hence  easier  to  work  with. 

Two  different  methods  of  liner  fabrication  were  employed.  Liners  1  and  2  were 
made  by  laying  up  dispersions  of  Teflon  on  aluminum  mandrels  sized  to  the  inside  dimen¬ 
sions  of  the  fiber-glass  shell.  The  dispersed  Teflon  was  then  fused  to  produce  a  seam¬ 
less  liner.  Later  the  aluminum  mandrel  was  dissolved  out.  This  produced  a  liner  that 
fitted  the  fiber-glass  shell  with  high  precision.  It  is  unfortunate  that  Teflon  is  incom¬ 
patible  with  fiber  glass  at  -423°  F.  However,  this  is  still  a  good  fabrication  technique 
for  thermoplastic  resins.  Liner  1  had  a  layer  of  aluminum  bonded  to  the  outside 
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TABLE  n.  -  LINER  MATERIALS 


Liner 

Number  of 

laminations 

Material  and  thickness 

Total 

thickness, 

mils 

(a) 

Protective 

1/16-in. 

thick 

felt  spacer 

1st  Ply 

2nd  Ply 

3rd  Ply 

1 

3 

2 -mil 

1-mil 

0.  5-mil 

3.5 

None 

Teflon^ 

Teflon^ 

aluminum 

2 

1 

3 -mil 

3 

None 

Teflon^ 

3 

2 

l-mil 

1-mil 

2 

On  lower 

Dome 

Mylar 

Mylar 

dome 

portion 

only 

3 

3 

0.  75-mil 

1-mil 

0.  75-mil 

2.5 

Cylindrical 

Mylar 

aluminum 

Mylar 

portion 

4 

2 

0.  5-mil 

0.  5-mil 

1 

Entire 

Mylar 

Mylar 

surface 

5 

2 

0.  5-mil 

0.  5-mil 

1 

Entire 

Mylar 

Mylar 

surface 

^Does  not  include  thickness  of  adhesive. 
'^Codispersion  of  TFE  and  FEP. 

‘^FEP. 


(table  II)  to  reduce  its  permeability.  There  were  discontinuities  in  the  aluminum  so  that 
it  could  not  be  considered  a  structural  part  of  the  liner. 

With  liners  3  to  5  a  different  fabrication  technique  had  to  be  used  since  Mylar  is  a 
thermosetting  resin.  These  liners  were  made  by  gluing  together  pieces  cut  from  com¬ 
mercially  available  rolled  material.  The  cylindrical  portion  was  made  from  one  sheet 
and  each  dome  was  made  from  10  pie-shaped  gores.  As  expected  the  dome  contour  of 
the  liner  only  approximated  the  contour  of  the  shell,  however,  the  fit  was  satisfactory. 

The  seams  were  butt  joints  covered  with  Mylar  tape.  Two  slightly  different  joint 
configurations  were  used.  The  configuration  shown  in  figure  4(a)  was  used  on  liner  3. 

As  shown  later  in  the  results,  this  configuration  did  not  give  a  reliable  leak-tight  seal. 
Therefore,  the  design  was  modified  as  shown  in  figure  4(b). 

The  adhesive  used  in  the  joints  was  Dupont  46971.  It  has  been  shown  that  this  ad¬ 
hesive  has  good  Mylar-bonding  characteristics  at  -423°  F,  reference  8.  The  adhesive 
in  the  joints  was  cured  by  rimning  a  hot  iron  along  the  seams. 

Liner  3  was  made  before  liners  4  and  5  as  a  preliminary  test.  The  cylindrical  and 
dome  portions  of  liner  3  were  made  out  of  different  materials  (table  n).  When  this  liner 


//////A  Adhesive 


Configuration  (a) 


Liquid  side 

A- Liner 

/ 


\  Shell  side 

"-3-mll-thick  by 
1-inch-wide 


Mylar  tape 


Configuration  (b) 


,^|-mil-thlck  by|-in.  -wide 
/  Mylar  tape 


■  •  rLiner 

Liquid  side/ 


Shell  side 


1-mll-thick  by 
1 

^-in.  wide  Mylar  tape 


Figure  4.  -  Adhesive  joint  configuration  for  Mylar 
liners. 


was  inserted  into  the  fiber-glass  shell  and  the  tank 
pressurized,  several  small  leaks  developed  in  the  re¬ 
gion  of  the  lower  dome  due  to  roughness  on  the  inter¬ 
nal  shell  surface.  It  was  found  that  a  thin  felt  spacer 
would  prevent  the  liner  from  being  punctured.  Hence, 
the  lower  dome  of  the  shell  was  lined  with  felt.  The 
felt  pad  was  made  from  several  gores  sewn  together. 
The  felt  was  then  steamed  and  fitted  into  the  fiber¬ 
glass  shell.  With  liners  4  and  5  the  felt  padding  was 
extended  to  cover  the  entire  inner  surface  of  the  shell 
not  only  to  protect  the  liner  but  also  to  evaluate  the  ef¬ 
fect  of  slightly  oversizing  the  liner.  Liners  4  and  5 
were  made  identical  to  each  other.  The  total  thick¬ 
ness  of  liner  4  or  5  (table  II)  was  about  0.  001  inch. 


TEST  FACILITY  AND  PROCEDURE 
Liquid-Hydrogen  Test  Facility 

Figure  5  shows  the  facility  that  was  used  for  the  tests  with  liquid  hydrogen.  The 
tank  was  moimted  in  a  bell  jar  which  had  a  twofold  purpose.  First,  the  vacuum  in  the 
bell  jar  insulated  the  tank  so  that  it  could  be  kept  full  of  liquid  hydrogen  for  a  reasonable 
length  of  time.  Secondly,  the  bell  jar  provided  a  fixed  volume  so  that  the  leak  rate  of  the 
tank  could  be  determined  by  rate  of  change  of  pressure  in  the  bell  jar. 

In  general,  one  of  the  major  problems  encountered  when  determining  leak  rate  by 
change  of  pressure  in  a  control  volume  is  the  elimination  of  leaks  from  sources  other 
than  the  object  of  interest.  The  problem  is  further  aggravated  by  cryogenic  tempera¬ 
tures.  The  hardware  used  in  this  test  was  designed  so  that  all  low-temperature  vacuum 
seals  were  vacuum  protected.  That  is,  at  least  a  partial  vacuum  is  maintained  on  both 
sides  of  a  seal  to  eliminate  the  pressure  driving  force  causing  the  leak.  This  was  ac¬ 
complished  by  enclosing  the  bell  jar  in  a  vacuum  chamber  (see  fig.  5).  Notice,  for  ex¬ 
ample,  how  the  liner  is  sealed  at  the  top  of  the  neck  fitting.  If  a  small  leak  should  occur 
here,  the  hydrogen  would  not  leak  into  the  bell  jar,  but  would  leak  into  the  outer  vacuum 
chamber  which  is  being  continuously  pumped  upon.  The  only  possible  way  that  anything 
could  leak  into  the  bell  jar  is  through  the  liner. 

The  instrumentation  (also  shown  in  fig.  5)  consisted  of: 

(1)  A  pressure  transducer  of  the  strain  gage  type 

(2)  A  capacitance  type  liquid  level  probe 
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Hydrogen  vent 
at  1  atm 


Figure  5.  -  Liquid  hydrogen  facility  for  tank  liner  tests. 


(3)  Hot  filament  type  vacuum  gages  used  in  the  determination  of  leak  rate  of  the  tank 

(4)  Copper-constantan  thermocouples  located  on  the  outer  surface  of  the  filament- 

wound  shell  and  bell  jar 


Test  Procedure 

The  testing  of  the  tank  is  divided  into  three  steps; 

(1)  First,  the  initial  leak  rate  is  established,  using  helium  at  room  temperature  in 
the  tank,  for  the  purpose  of  evaluating  the  condition  of  the  tank  before  filling  with  liquid 
hydrogen. 

(2)  The  second  test  consists  of  thermally  cycling  the  tank  at  a  constant  internal  pres¬ 
sure  of  1  atmosphere.  One  thermal  cycle  involves  first  cooling  the  tank  to  -423^  F  with 
liquid  hydrogen  and  then  warming  the  tank  to  room  temperature  using  warm  helium.  The 
ability  of  the  liner  to  withstand  repeated  thermal  stresses  is  evaluated  by  examining  the 
leak  rate. 
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(3)  The  third  test  consists  of  pressure  cycling  the  tank  after  filling  with  liquid 
hydrogen  and  attaining  thermal  equilibrium.  The  pressure  is  increased  by  the  self¬ 
pressurization  of  boiling  hydrogen.  For  each  cycle  the  pressure  is  increased  from  at¬ 
mospheric  to  an  arbitrary  level  P  and  then  decreased  to  atmospheric.  For  each  subse¬ 
quent  cycle,  P  is  increased  by  about  10  pounds  per  square  inch  until  either  the  liner  fails 
or  the  ultimate  strain  of  the  fiber-glass  shell  is  approached.  Leak  rate  is  used  to  indi¬ 
cate  the  condition  of  the  tank. 


Method  of  Determining  Leak  Rates 

For  determining  small  leak  rates  the  bell-jar  valve  (shown  in  fig.  5)  is  kept  closed. 
The  leak  rate  corrected  to  standard  conditions  of  temperature  and  pressure,  is  then 
given  by  the  simple  expression: 


'^s 

L  =  KV.  — 


dP 


1 


dt 


where  P^,  Vj,  and  T^  are  the  pressure,  volume,  and  temperature  of  the  bell  jar; 

t  is  time;  T^  is  460^  R;  and  K  is  a  unit  conversion,  1.  04xl0”^(std  cmvsec)/ 

(fx  ft^/hr). 

For  large  leak  rates,  the  bell  jar  must  be  pumped  upon  continuously  in  order  to 
maintain  a  reasonable  vacuum.  With  the  bell-jar  valve  open,  then,  the  above  expression 
must  be  modified  to: 


T^  dP.  T  dP„  T 

L  =  KVi  — -  +  KV,  —  — ^  W(P,)  -  E 

^  Tj  dt  Tg  dt  Tg 

where  in  addition  Pg,  Vg,  and  Tg  are  the  pressure,  volume,  and  temperature  of  the 
pump  manifold;  W(Pg)  is  pump  rate  as  a  function  of  Pg;  and  E  is  extraneous  leaks  into 
the  pump  manifold  (assumed  constant). 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 
Teflon  Liners 

Before  testing  the  Teflon  liners  the  property  data  on  fiber  glass  shown  in  table  I 
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Figure  6.  -  Crack  in  fiber-glass  shell. 


(p.  4)  became  available  and  thus  Tef¬ 
lon  was  expected  to  fail.  The  liners 
were  tested  to  confirm  the  analysis 
(appendix)  and  also  to  gain  exper¬ 
ience  in  controlling  the  apparatus. 
Since  the  liners  were  of  the  floating 
configuration,  theoretically  they 
should  not  fail  if  there  were  no  pres¬ 
sure  drop  across  the  tank  wall.  This 
condition,  however,  could  not  be 
achieved  in  this  facility  since  there 
was  a  vacuum  outside  of  the  tank  and 
the  liquid- hydrogen  supply  was  at 
atmospheric  pressure. 

Liner  1  (Teflon -aluminum).  -  The 
initial  leak  rate  (helium  at  room  tem¬ 
perature  and  atmospheric  pressure  in 
the  tank)  was  about  2  standard  cubic 
centimeters  per  second.  Upon  filling 
with  liquid  hydrogen  the  liner  failed 
immediately  (along  the  discontinuities 
in  the  aluminum).  This  fact  supports 


the  data  and  analysis  shown  previously  in  table  I. 

Liner  2  (Teflon).  -  The  initial  helium  leak  rate  was  about  0.  4  standard  cubic  centi¬ 
meter  per  second.  An  attempt  was  made  to  oversize  the  liner  by  pressurizing  the  tankage 
system  at  room  temperature.  Teflon  has  a  tendency  to  cold  flow  when  stressed  for  a  per¬ 
iod  of  time.  As  the  pressure  was  slowly  increased  the  liner  unexpectedly  failed  at  a  tank 
pressure  of  only  96  pounds  per  square  inch  gage  (as  shown  previously  at  a  tank  pressure 
of  550  psi  the  shell  strain  is  3  percent;  the  ultimate  strain  of  Teflon  is  over  200  percent 
at  room  temperature).  Examination  of  the  tank  showed  a  crack  (fig.  6)  in  the  upper  dome 
of  the  fiber-glass  shell  near  the  transition  to  the  cylindrical  portion  (the  area  of  lowest 
filament  density).  Although  the  resin  cracked,  this  cannot  be  considered  a  shell  failure 
since  there  were  very  few,  if  any,  broken  filaments.  Figure  7  shows  the  area  of  the 
liner  that  corresponds  to  the  location  of  the  crack  in  the  shell.  It  appears  that  the  liner 
failure  was  caused  by  the  internal  pressure  forcing  the  liner  into  the  crack.  This  failure 
led  to  the  use  of  the  felt  spacer  on  succeeding  tanks. 
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Figure  7.  -  Failure  of  liner  2  (Teflon). 


Mylar  Liners 

Liner  3  (Mylar  domes,  Mylar -aluminum  cylindrical  portion).  -  The  initial  leak  rate 

-2 

(helium  at  1  atm  in  the  tank)  was  about  2x10  standard  cubic  centimeter  per  second.  As 
the  tank  was  filled  with  liquid  hydrogen,  a  leak  of  large  proportions  developed.  The  test 
was  stopped  due  to  the  large  leak  and  the  liner  was  removed.  Inspection  using  a  helium 
mass  spectrometer  leak  detector  revealed  no  sizeable  leaks.  The  liner  was  put  back  in  the 
shell  and  tested  again.  Upon  fill  with  liquid  hydrogen  the  same  thing  happened.  The  hydro¬ 
gen  was  then  transferred  out  of  the  tank  and  the  tank  allowed  to  warm  up  in  the  test  facility. 
After  warming  up  the  leak  rate  dropped  to  a  very  small  value.  Every  time  the  liner  got 
cold,  a  leak  opened  up  and  when  the  liner  returned  to  room  temperature  the  leak  resealed 
itself.  This  was  probably  due  to  thermal  stresses  acting  on  one  of  the  adhesive  joints. 

This  variable  leak  made  liquid-hydrogen  testing  at  increased  pressures  difficult 
since  the  leak  rate  at  higher  pressure  was  too  large  for  the  vacuum  equipment  to  handle. 
However,  the  tank  pressure  was  cycled  very  quickly  to  65  pounds  per  square  inch  (the  in¬ 
stant  the  pressure  reached  65  psi,  the  pressure  was  immediately  dropped  back  to  1  atm). 
After  10  of  these  pressure  spikes  the  hydrogen  was  transferred  from  the  tank  and  the 
tank  allowed  to  warm  up.  The  helium  leak  was  again  found  to  be  a  small  value,  indicating 
no  damage  to  the  liner. 
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Figure  8.  -  Liner  3  {Mylar  domes,  aluminum-Mylar  cylindrical  section)  after 
testing  with  liquid  hydrogen. 

Figure  8  is  a  photograph  taken  through  the  neck  fitting  of  the  tank  after  testing.  The 
lower  dome  and  part  of  the  cylindrical  portion  is  shown.  The  stitching  in  the  felt  (used  in 
the  lower  dome  only)  can  be  seen  through  the  Mylar-Mylar  laminate  used  in  the  lower 
dome.  In  the  cylindrical  portion  an  impression  of  the  longitudinal  filament-winding  pat¬ 
tern  can  be  seen  in  the  Mylar-aluminum-Myiar  laminate  lining  material. 

Liner  3  was  built  to  see  what  materials  and  fabrication  techniques  should  be  used  on 
the  remaining  liners.  The  felt  pad  in  the  lower  dome  worked  satisfactorily,  so  it  was 
decided  to  extend  the  pad  to  cover  the  entire  inner  surface.  The  test  showed  the  adhesive 
joints  to  be  mechanically  strong,  but  unreliable  leak-tight  seals  at  -423°  F.  Therefore 
the  design  of  the  joints  was  changed  to  that  previously  shown  in  figure  4(b)  (p.  10). 

The  liner  3  test  also  showed  that  both  liner  materials  (Mylar  laminate  and  Mylar- 
aluminum  iaminate)  worked  satisfactorily  at  -423°  F  for  small  tank  strains.  It  was  de¬ 
cided,  however,  to  use  the  Mylar-Mylar  laminate  for  liners  4  and  5  for  two  reasons. 

The  aluminum  in  the  Mylar-aluminum-Mylar  laminate  caused  difficulty  when  heat  curing 
the  adhesive  joints.  The  aluminum  tended  to  conduct  the  heat  away  from  the  immediate 
area  of  the  joint.  Also,  the  Mylar-Mylar  laminate  was  commercially  available  at  the 
time  in  a  smaller  thickness  (total  thickness,  1  mil).  The  thinner  the  liner,  the  more 
flexible  it  is  and  hence  the  greater  its  ability  to  wrinkle. 

-  2 

Liner  4  (Mylar  laminate).  -  The  initial  helium  leak  rate  was  4.  7X10  standard  cubic 
centimeter  per  second  at  room  temperature  and  atmospheric  pressure.  The  tank  was 
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Figure  9.  -  Cross  section  of  bottom  end  fitting  of 
fiber-glass  shell. 
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Figure  10.  -  Temperature  cycling  liner  5  (Mylar  laminate) 
with  liquid  hydrogen  at  a  tank  pressure  of  1  atmosphere. 


temperature  cycled  three  times  at  atmospheric  pressure  using  liquid  hydrogen.  No  in¬ 
crease  in  helium  leak  rate  was  noted.  Before  pressure  cycling  at  -423°  F,  it  was  nec¬ 
essary  to  check  the  test  apparatus  by  pressurizing  the  tank  with  helium  at  room  tempera¬ 
tures.  At  about  200  pounds  per  square  inch,  the  bottom  plug  blew  out  of  the  fiber-glass 
shell  thus  ending  liner  4.  The  bottom  fitting,  made  of  fiber  glass  and  resin,  was  made 
in  two  parts  (fig.  9)  to  allow  for  a  shaft  to  support  the  mandrel  during  the  winding  of  the 
shell.  The  glass  fibers  were  oriented  in  the  wrong  direction  for  carrying  a  tensile  load 
in  the  region  of  the  failure. 

Liner  5  (Mylar  laminate)  test  results.  -  The  initial  helium  leak  rate  was  about 

-2 

7X10  standard  cubic  centimeter  per  second  at  room  temperature  and  a  pressure  of 
1  atmosphere.  The  tank  was  put  through  three  thermal  cycles,  using  liquid  hydrogen, 
without  any  increase  in  leak  rate  (see  fig.  10).  The  temperature  of  the  fiber-glass  shell 
(fig.  10)  never  approached  the  temperature  of  liquid  hydrogen  (-423°  F).  At  1  atmosphere 
tank  pressure  the  fiber-glass  shell  cooled  to  a  steady-state  temperature  of  -270°  F.  This 
was  due  to  the  insulating  quality  of  the  felt  spacer,  which  was  in  this  case  evacuated  to 
approximately  the  same  pressure  as  the  bell  jar  (average  of  about  lO/i  Hg).  Thermal 
conductivity  of  the  evacuated  felt  spacer  was  calculated  to  be  3x10”'^  Btu  per  hour  per  foot 
per  °F.  It  should  be  pointed  out  that  this  tank  could  not  be  tested  in  the  air  since  air 
would  be  cryopumped  into  the  felt.  The  saturation  of  the  felt  with  liquid  air  would  not  only 
be  dangerous,  but  would  destroy  the  insulating  quality  of  the  felt. 

Next  the  tank  was  pressure  cycled,  as  shown  in  figure  11,  with  liquid  hydrogen  in  the 
tank.  The  leak  rate,  measured  after  each  pressure  cycle,  was  found  to  be  less  than 
5X10  standard  cubic  centimeter  per  second  for  the  first  10  cycles  indicating  no  damage 
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Shell  tern-  Hydrogen  Tank  pressure. 


to  the  liner.  On  the  eleventh  cycle,  when  the  pressure  reached  132  pounds  per  square 
inch,  the  leak  rate  suddenly  increased.  After  the  pressure  was  dropped  back  to  1  atmo¬ 
sphere  the  leak  rate  measured  110  standard  cubic  centimeters  per  second  indicating  the 
liner  broke.  Also  at  the  time  the  liner  failed,  the  shell  temperature  suddenly  dropped 
(fig.  11).  The  felt  pad  lost  its  insulating  quality  due  to  the  loss  of  vacuum. 

Liner  5  (Mylar  laminate)  analysis  of  failure.  -  Figure  12  is  a  photograph  of  the  liner 
after  testing,  taken  through  the  neck  fitting  of  the  tank.  As  expected,  there  is  some 
wrinkling.  There  are  several  very  sharp  folds  or  creases.  To  further  investigate,  the 
liner  was  removed  from  the  fiber- glass  shell. 

The  leak  source  was  found  to  be  three  rather  large  holes.  Two  of  the  holes  were  lo¬ 
cated  in  the  upper  dome  (figs.  13  and  14),  and  one  in  the  cylindrical  portion  (fig.  15). 
Also,  after  a  thorough  examination,  no  visible  leaks  were  found  in  either  the  adhesive 
joints  or  on  the  sharp  folds  or  creases  just  mentioned.  The  holes  shown  in  figures  13 
to  15,  were  believed  to  be  biaxial  tensile  failures. 

To  support  this  belief,  an  analysis  was  made  to  find  at  what  tank  pressure  the  liner 
would  theoretically  fail  in  tension. 

A  criterion  for  liner  integrity  for  a  tank  of  balanced  design  has  been  given  as: 

e(P)  <  (1  -  -  (Sl  -  Sg)  +  /3  (2) 

Although  the  fiber-glass  shell  used  in  this  test  was  not  of  balanced  design,  it  was  close 


Figure  13.  -  Leak  in  liner  5  (Mylar  laminate)  in  upper  dome. 
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enough  to  being  balanced  (see  fig.  3,  p.  8)  that  the  preceding  relation  can  be  used  in 
place  of  equations  (A12)  and  (A13)  (criterion  for  liner  integrity  for  a  shell  of  unbalanced 
design  derived  in  the  appendix).  This  simplification  will,  in  this  case,  introduce  a  pos¬ 
sible  error  of  less  than  10  percent  which  is  well  within  the  accuracy  of  the  property  data 
used.  The  values  used  in  this  inequality  are  as  follows: 

(1)  €(P)  =  5.  0X10"^  P  in.  /in.  at  -270°  F,  where  e(P)  was  taken  as  the  average  of 

e(P)  and  e(P)7  which  were  calculated  by  the  method  outlined  in  reference  3  by 

using  the  following  values: 

(a)  Strand  density  of  the  circumferential  wrap,  799  strands/in. 

(b)  Strand  density  of  the  longitudinal  wrap,  392  strands/in. 

(c)  Winding  angle  of  the  longitudinal  wrap,  11.  5° 

(d)  Winding  angle  of  the  circumferential  wrap,  90° 

(e)  E  (modulus  of  elasticity  of  glass  fiber),  11.  ixlO®  psi  at  -270°  F,  which  was 

interpolated  from  property  data  from  ref.  3 

(2)  V  (Poisson's  ratio  for  the  liner  material),  0.  25  (ref.  9),  an  analjdical  value  for 

an  ideal  isotropic  material 

(3)  (the  ultimate  tensile  strain  of  Mylar),  0.  82x10  ^  in. /in.  at  -423°  F  (ref.  6) 

(4)  Sj^  (thermal  contraction  of  the  liner  from  70°  to  -423°  F),  3.  86x10  ^  in. /in. 

(ref.  6)  _ 

(5)  So  (thermal  contraction  of  the  shell  from  70°  to  -270°  F),  1.  6X10  in. /in.  (in- 

D 

terpolated  from  ref.  3  data) 

(6)  jS  (fraction  oversized);  normally  with  a  liner  fabricated  to  larger  dimensions  than 

the  inside  of  the  shell,  /3  is  a  constant;  with  this  tank  ^  depends  on  the  internal 

pressure  since  the  l/l6-in.  felt  compresses: 

/3=  0.6X10'^  at  P  =  0 

/3  =  0.31X10'^  -  0.90X10“^  P  50<P<  200  psi 

The  quantity  /3  here  was  taken  as  an  average  of  and 

Substitution  of  these  quantities  into  the  criterion  for  liner  integrity  (inequality  (2)) 
yields 

P  <  118  psi 

Therefore,  theoretically  the  liner  should  fail  in  tension  at  about  118  pounds  per 
square  inch.  This  is  in  good  agreement  considering  the  accuracy  of  the  preceding  data 
with  the  132  pounds  per  square  inch  at  which  the  liner  actually  failed,  supporting  the  be¬ 
lief  that  holes  shown  in  figures  13  to  15  are  the  results  of  a  biaxial  tensile  failure.  The 
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reason  the  appearance  of  figures  13  to  15  is  not  typical  of  conventional  biaxial  tensile 
failures  such  as  the  bursting  of  a  pressure  vessel,  is  that  with  the  rupturing  of  the  liner 
there  was  no  sudden  release  of  energy  since  the  tensile  load  due  to  pressure  was  carried 
by  the  filament-wound  shell. 

Had  liner  5  not  been  about  0.  2-percent  oversized  (due  to  the  compressed  felt  at 
118  psi),  a  similar  calculation  but  with  ^  =  0  predicts  a  failure  at  78  pounds  per  square 
inch.  Therefore  making  the  liner  only  0.  2-percent  oversize  will  increase  the  tank  pres¬ 
sure  at  which  the  liner  will  fail  in  tension  from  about  78  to  118  pounds  per  square  inch. 

A  calculation  of  the  value  of  /3  necessary  for  the  liner  to  remain  intact  to  the  ulti¬ 
mate  strain  of  the  fiber-glass  shell  (assumed  to  be  3  percent),  yields  a  value  near 
-2 

2.  6x10  inch  per  inch.  This  2.  6-percent  oversize  of  the  liner  would  imply  extensive 
wrinkling.  In  figure  12,  jS  was  about  0.  6x10"”^  inch  per  inch  due  to  the  thickness  of  the 
l/l6-inch-thick  uncompressed  felt.  Although  liner  5  wrinkled  successfully  with  about 
0.  6-percent  oversize  it  is  unknown  whether  a  Mylar  liner  can  wrinkle  without  leaking 
with  2.  6-percent  oversize. 


CONCLUDING  REMARKS 

Although  the  results  of  this  study  are  not  sufficient  to  design  a  reliable  leak-proof 
liner  for  a  flight-weight  filament-wound  fiber-glass  liquid- hydro  gen  tank,  the  following 
generalization  can  be  drawn  from  it: 

1.  The  concept  of  the  floating  liner  proved  to  be  feasible. 

2.  A  thin  felt  pad  or  spacer  inserted  in  the  tank  between  the  shell  and  liner  protected 
the  liner. 

3.  Successful,  leak -proof  adhesive  joints  can  be  made  in  a  Mylar  liner  to  be  used  at 
-423®  F. 

4.  A  laminated  Mylar-Mylar  liner  can  wrinkle  somewhat  at  -423®  F  without  cracking 
or  leaking. 

5.  An  analytical  technique  predicted  the  tank  pressure  at  which  a  laminated  Mylar 
liner  failed  in  tension  within  the  accuracy  of  the  data  used. 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  September  21,  1965. 
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APPENDIX  -  CRITERION  FOR  LINER  INTEGRIPT 


Upon  tank  pressurization,  a  liner  will  eventually  fail  in  tension,  providing  the  shell 
does  not  rupture  first.  A  criterion,  then,  for  liner  integrity  is  of  the  form 

net  liner  strain  <  ultimate  liner  strain  (Al) 

First  consider  the  ultimate  liner  strain.  It  is  desirable  to  be  able  to  relate  this  to 
uniaxial  tensile  test  data  (the  liner  is  strained  biaxially).  This  can  be  done  as  follows: 
From  the  general  expression  for  Hooke's  law  for  a  planer  stress  system  (ref.  10,  p.  52) 
it  is  known  that: 


1  - 

-1— (A3) 
1  ^  u 


where  subscripts  0,  Z  refer  to  two  orthogonal  directions  in  the  plane  of  the  liner,  see 
figure  16. 

Now,  one  of  the  various  available  theories  of  failure  must  be  used.  Here  the  maxi¬ 
mum  principal  stress  or  Rankine  theory  (refs.  10  and  11),  which  is  the  simplest  yet 
fairly  accurate  for  brittle  materials  in  tension  only  (ref.  11),  is  assumed.  If  Hooke’s 
law  is  assumed  to  hold  to  the  ultimate  (valid  for  many  materials,  especially  plastics,  at 
-423^  F)  the  maximum  principal  stress  theory  says: 


Axial  direction  Z 


Figure  16.  -  Definition  of  coordinates 
and  winding  angle. 


% ,  max  ^ult  ^9  ^ 


^Z,  max  %lt  ^Z  ^  ^0 


(A4) 

(A5) 


where  is  the  ultimate  stress  of  the  liner  material  ob¬ 
tained  from  uniaxial  tensile  tests.  The  strains  ^2 

will  be  a  maximum  (e^  or  when  the  stress  o- 

y ,  max  Zj ,  max  y 

or  cr^  is  the  ultimate  stress  so  that  equations  (A2) 

and  (AS)  become,  using  equations  (A4)  and  (A5): 

'^ult  =  -^  ("0,max+^"z)  (A®) 

1  -  V 
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or 


Vt  =  max  +  if  ^  Z  >  ^0 

1  -  V 

Since  (assuming  Hooke's  law  holds  to  the  ultimate),  equations  (A6)  and 

(A7)  written  in  a  more  convenient  form  become  a  criterion  for  liner  integrity: 

^9  ^^6,  max  “  )^ult  “  ^  Z 

^Z<^Z,max=(i-‘^^)^ult-‘^^0 

These  are  two  separate  conditions,  both  of  which  must  be  satisfied. 

Now  consider  the  net  liner  strains  {e^,€Q).  These  can  be  expressed  in  the  following 

way: 


e(P)^  + 

(AlO) 

=  £(P)2  +  €|-(!2 

(All) 

where  e^  is  effective  thermal  strain  of  the  liner  due  to  a  difference  of  thermal  contrac¬ 
tion  between  the  liner  and  fiber-glass  shell,  e(P)  is  the  fiber-glass  shell  strain  due  to  in¬ 
ternal  pressure  (this  function  is  discussed  in  ref.  3),  and  /3  is  the  fraction  oversized 
X  -  X 

where  is  a  particular  initial  liner  dimension  and  Xg  is  the  corresponding 

initial  inside  shell  dimension.  For  example,  if  ^  =  0  the  liner  is  fabricated  to  fit  ex¬ 
actly  into  the  inside  of  the  shell.  If  =  0-  the  circumference  of  the  liner  is  built 
10-percent  oversized. 

*  rp  rp 

Now  make  the  assumption  that  =  e  2  =  -  Sg,  where  is  the  thermal  contrac¬ 

tion  of  the  liner  from  room  temperature  to  -423°  F  (in. /in. ),  and  Sg  is  the  thermal  con¬ 
traction  of  the  fiber-glass  shell  from  room  temperature  to  its  final  steady-state  tempera¬ 
ture  (in.  /in. ). 

This  is  valid  for  liners  of  negligible  thickness. 

The  criterion  now  becomes 

6(P)g  +  i^e(P)2  <  (1  -  -  (1  +  -  Sg)  +  (^12) 


(A8) 

(A9) 
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(A13) 


e(P)2  +  ve(P)^  <  (1  -  -  (1  +  !^)(Sl  -  Sg)  + 

Notice  that  all  the  quantities  on  the  right  side  of  the  inequality  signs  are  physical  and 
mechanical  properties  of  the  liner  and  fiber- glass  shell.  The  functions  on  the  left  side 
(discussed  in  ref.  3)  depend  on  tank  pressure.  After  substitution  of  the  proper  numbers, 
equations  (A12)  and  (A13)  reduce  to  the  form: 

P<K^ 

P<K2 

The  smaller  value  of  K  is  the  pressure  (and  direction)  at  which  the  liner  will  theoreti¬ 
cally  fail  in  tension. 

For  the  special  case  where  the  shell  is  of  balanced  design  (upon  pressurization,  all 
filament  strains  are  the  same),  =  ^  inequalities  (A12) 

and  (A13)  reduce  to  the  same  expression: 

e(P)<(l-  i^)e^i^-(SL-Sg)  +  ^  (A14) 

Inequality  (A14)  appears  as  equations  (1)  and  (2)  in  the  section  Liner  Design  Consid¬ 
erations. 
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